Host-directed therapies are a relatively new and promising approach to treatment of tuberculosis. Modulation of specific host immune pathways, including those that impact inflammation and immunopathology, can limit mycobacterial infection and pathology, both in cell culture and in animal models. This review explores a range of host pathways and drugs, some already approved for clinical use that have the potential to provide new adjunctive therapies for tuberculosis. Drugs targeting host processes may largely avoid the development of bacterial antibiotic resistance, a major public health concern for tuberculosis. However, these drugs may also have generally increased risk for side effects on the host. Understanding the specific mechanisms by which these drugs act and the relationship of these mechanisms to Mycobacterium tuberculosis pathogenesis will be critical in selecting appropriate hostdirected therapy. Overall, these host-directed compounds provide a novel strategy for antituberculosis therapy.
Host-directed therapies are a relatively new and promising approach to treatment of tuberculosis. Modulation of specific host immune pathways, including those that impact inflammation and immunopathology, can limit mycobacterial infection and pathology, both in cell culture and in animal models. This review explores a range of host pathways and drugs, some already approved for clinical use that have the potential to provide new adjunctive therapies for tuberculosis. Drugs targeting host processes may largely avoid the development of bacterial antibiotic resistance, a major public health concern for tuberculosis. However, these drugs may also have generally increased risk for side effects on the host. Understanding the specific mechanisms by which these drugs act and the relationship of these mechanisms to Mycobacterium tuberculosis pathogenesis will be critical in selecting appropriate hostdirected therapy. Overall, these host-directed compounds provide a novel strategy for antituberculosis therapy.
F rustrated by the limitations of traditional antimycobacterial therapies, researchers in the tuberculosis (TB) community have focused on the possibility of modulating the host immune response as adjunctive therapy. Particularly in the case of multidrug-resistant (MDR) or extensively drug-resistant TB (XDR-TB), host-directed therapies provide a largely untapped approach as adjunctive anti-TB therapies, either to directly increase the ability of the host immune system to effectively eliminate mycobacteria or to limit collateral tissue damage associated with infection that can result in morbidity and mortality. New attention has focused on exploring host-directed therapies, and there has been a spike in reviews articulating fundamental principles; each aspect of the host response can conceivably be modulated in a way that maximizes bacterial killing while minimizing inflammatory tissue damage (Hawn et al. 2013; Zumla et al. 2013 Zumla et al. , 2014 Kaufmann et al. 2014; Wilkinson 2014) . These approaches are still somewhat speculative, and there are only a few actively used host-directed drugs in the field. However, there is growing sentiment that alternative approaches are needed and that manipulation of host immunity coupled to a greater understanding of biological mechanisms hold new promise in the anti-TB armamentarium. Many compounds under active investigation have already been approved by the United States Food and Drug Administration (FDA) and thus might lead to accelerated clinical trials and implementation.
ADVANTAGES TO HOST-DIRECTED APPROACHES
Antibiotic resistance is a major public health concern for TB, even for effectively administered therapeutics, and MDR-TB and XDR-TB are serious problems worldwide (Shah et al. 2007; Gandhi et al. 2010; WHO 2010) . In part, this is because of long therapies that sometimes are not completed (Castelnuovo 2010) . In addition and despite the long generation time of Mycobacterium tuberculosis (Mtb), there is consistent accumulation of alleles that confer resistance to a variety of drugs during the course of a human infection (Sacchettini et al. 2008) . Antibiotic-resistant alleles classically involve mutation of a direct antibiotic target and arise relatively frequently, in spite of the long generation time of Mtb, and may also arise from increased expression of membrane transporters (Ioerger et al. 2013) . Studies based on wholegenome sequencing in cynomolgus macaques revealed an in vivo mutation rate on the order of 10 210 mutations per bacterial generation (Ford et al. 2011) . Notably, mutation rates were comparable in latent disease, and DNA lesions identified suggested that oxidative damage might be a driving force increasing mutational load in vivo. Furthermore, East Asian lineage strains had close to a 10-fold increase in mutation rate relative to standard strains from the Euro-American lineage (Ford et al. 2013) . Via whole-genome sequencing of an outbreak strain in humans, the mutation rate in active TB was similar, but latent TB was reduced (Colangeli et al. 2014) . In any event, the number of antibiotic-resistant strains is burgeoning and can lead to rapid depletion of options for physicians and health care workers and the development of circulating drug-resistant strains (Gandhi et al. 2006) . In theory, host-directed therapies bypass many of the problems associated with pathogen-directed therapies (Schwegmann and Brombacher 2008) . They offer to potentiate existing immune defenses against Mtb or evoke new ones. Because host therapies target host proteins, it is much less likely that bacteria will generate a mutation that directly abrogates compound binding.
HOST-DIRECTED THERAPIES IN CLINICAL HUMAN TRIALS OR PRECLINICAL ANIMAL STUDIES

Anti-Inflammatory Therapies
So far, most host-directed therapies are still theoretical. One major exception is the use of broadly acting corticosteroids. TB infections in humans induce classic inflammatory responses (Kaufmann and Dorhoi 2013) , and, as in other infectious diseases, it is the balance between immunopathology and insufficient inflammation that may determine disease severity and outcome (Casadevall and Pirofski 2003) . Broadly acting glucocorticoids, such as dexamethasone and prednisone, have been used in a number of trials and are the standard-of-care for some severe forms of TB. They represent a relatively accessible and inexpensive approach to limiting inflammation, which can be a prime cause of morbidity and mortality. They have proved particularly effective in cases of TB meningitis (Schoeman et al. 1997; Thwaites et al. 2004; Prasad and Singh 2008) and have been adopted as standard-of-care for TB pericarditis and meningitis (Hakim et al. 2000; Mayosi et al. 2002; Thwaites et al. 2009 ). A recent meta-analysis of clinical trials using corticosteroids showed a 17% reduction in mortality across 41 clinical trials (Critchley et al. 2013) .
The detrimental effects of inflammation in the human host are crystallized in TB-IRIS (immune reconstitution inflammatory syndrome), a paradoxical worsening of TB and inflammatory symptoms with reconstitution of the immune system associated with highly active antiretroviral therapy (HAART) (Dhasmana et al. 2008; Meintjes et al. 2008) . A randomized controlled trial for adjunctive prednisone showed amelioration of symptoms for TB-IRIS (Meintjes et al. 2010) . More generally, the morbidity associated with the inflammatory symptoms of IRIS reflects a generally detrimental inflammatory state that can be induced by TB infection (Marais et al. 2009 ). It remains to be investigated, as described below, whether corticosteroids could be generally beneficial in pulmonary TB, or perhaps among a subset of cases with particularly high levels of inflammation.
As host-directed therapies, however, these more general suppressors of inflammation may lead to secondary complications including immunosuppression. Knowing the basic biology of mycobacterial pathogenesis, as heterogeneous as that might be, may guide the search for more effective and specific host-directed therapies.
Modulation of Inflammation by Phosphodiesterase Inhibitors
cAMP plays a key role in both inflammation and tumor necrosis factor (TNF) production, as cAMP produced in host cells can lead to modulation of TNF levels. Therefore, cAMP levels are tightly regulated by host phosphodiesterases (PDEs). However, bacterial adenylyl cyclases can promote cAMP production in host cells (Agarwal et al. 2009 ). Based on the effectiveness of thalidomide in treating severe leprosy reactions (erythema nodosum leprosum), it was proposed that the modulation of extreme inflammation/TNF levels via thalidomide might be host-beneficial (Corral and Kaplan 1999) . Thalidomide has been used in clinical pediatric trials of adjunctive therapy for TB meningitis, and the limitation of TNF production is thought to be key (Schoeman et al. 2000 (Schoeman et al. , 2004 . However, the extreme teratogenic properties of thalidomide make it particularly dangerous (Kim and Scialli 2011) , and other modulators of TNF-mediated pathologies in TB would be preferable.
One promising host-directed approach is the set of PDE inhibitors that appear to act directly on host cAMP levels. The PDE4 inhibitor CC-3052, a thalidomide analog, increased the effectiveness of isoniazid in a mouse model through reduced TNF production (Koo et al. 2011; Subbian et al. 2011a,b) . Similarly, in two different mouse models, the FDA-approved PDE3 inhibitor cilostazol, which inhibits a separate class of PDEs reduced time to sterilization during antibiotic short course therapy by 1 mo (from 6 mo) (Maiga et al. 2012) . Inhibition of PDE4 in a mouse model by different drugs resulted in worse outcomes in mice, but this may also be consistent with increased growth in the PDE-inhibited environment (the PDE4 inhibitor CC-3052 in rabbits was shown to result in slightly increased burden as monotherapy) and may suggest that adjunctive use could still benefit the host (Maiga et al. 2013) . Fundamentally, these therapies aim to restrict immunopathology arising from TNF excess while allowing many of the antimycobacterial properties of host cells to remain intact.
Eicosanoid Modulation
Intriguingly, cAMP levels also impinge directly on production of host eicosanoids, lipid mediators of inflammation that are increasingly recognized as important modulators of the host immune response in mycobacterial infection. Eicosanoids may be central to the control of inflammatory responses during infection with pathogenic mycobacteria. The balance of these pro-and anti-inflammatory lipid mediators may lead to either uncontrolled inflammation or insufficient production of protective inflammatory mediators.
Virulent mycobacteria induce production of anti-inflammatory lipoxins, including Lipoxin A 4 (LXA 4 ) during high-dose mouse infections and in cell culture macrophage infections (Bafica et al. 2005; Chen et al. 2008; Divangahi et al. 2009 ). LXA 4 favors necrotic cell death in cell culture models in part by limiting production of PGE 2 , which is required for plasma membrane repair and membrane integrity (Chen et al. 2008; Divangahi et al. 2009 ). By promoting necrotic cell death, LXA 4 and the limitation of PGE 2 production drive bacterial expansion to the detriment of the host.
In a mouse high-dose infection model, protection was noted for Mtb-infected mice deficient in Alox5, the gene encoding the enzyme responsible for both production of the LTA 4 intermediate upstream of the proinflammatory eicosanoid LTB 4 and important in the production of the anti-inflammatory lipoxin LXA 4 (Bafica et al. 2005) . The ability of zileuton, a clinically used asthma drug, to block lipoxin production was suggested initially as a host-directed therapy that might improve TB outcomes (Bafica et al. 2005) .
In the zebrafish-Mycobacterium marinum model, a forward genetic screen for susceptibil-ity loci identified the enzyme Lta4h as critical in controlling mycobacterial disease. Namely, when the lta4h gene was mutated, the LTA 4 intermediate was shunted to anti-inflammatory lipoxins, and this lipoxin excess was found to modulate TNF levels, thereby limiting the ability of the host to restrict mycobacterial infection (Tobin et al. 2010 (Tobin et al. , 2012 .
How relevant are these findings in mammalian and zebrafish models to human disease? In two human cohorts, one in Vietnam and one in Nepal, there was an association of heterozygosity at the LTA4H locus with disease severity, in both TB meningitis and leprosy (Tobin et al. 2010) . Two copies of a functional, high-activity promoter variant led to excess inflammation, presumably caused by excess production of proinflammatory, TNF-promoting eicosanoids, such as LTB4. In contrast, two copies of the low-activity promoter variant altered the balance into what is thought to be an excessively anti-inflammatory state (Tobin et al. 2012) . Remarkably, in a retrospective analysis of a randomly controlled trial for adjunctive dexamethasone therapy in TB meningitis, the entirety of the beneficial effect was associated with the group of high-activity homozygotes, whereas the low-activity homozygotes derived no benefit from adjunctive therapy (Thwaites et al. 2004; Tobin et al. 2012) . These findings led to a model in which balanced inflammation was optimal, and which predicted that different genotypes drove more severe disease for fundamentally different reasons (Fig. 1) .
Eicosanoids, with their well-known roles in inflammation and their emerging roles in TB pathogenesis, thus provide an important hostspecific target. The findings at the level of innate immunity extend also to downstream effects on the adaptive immune response, with impaired antigen cross-presentation, suggesting that the eicosanoids control mycobacterial infection at a number of levels (Divangahi et al. 2010) .
In the high inflammatory state, LTA4H excess leads to increased TNF levels and engages a pathway of programmed necrosis in zebrafish macrophages (Tobin et al. 2012) . Although higher TNF levels lead to early improved control of infection in individual macrophages, RIP1/ RIP3-mediated necroptosis ultimately leads to necroptotic cell death that liberates the infecting mycobacteria to grow extracellularly, relatively unrestrained (Roca and Ramakrishnan 2013) . In a thorough genetic analysis, the generation of mitochondrial reactive oxygen species was shown to lead initially to increased intracellular killing of mycobacteria, but then to macrophage necroptotic cell death via two parallel pathways-ceramide production mediated through acid sphingomyelinase and regulation of mitochondrial cyclophilin D (Roca and Ramakrishnan 2013) . By understanding these processes in molecular detail, two host-directed, clinically approved drugs targeting each of these pathways were shown to rescue the hypersusceptibility induced by high TNF levels. Desipramine targets acid sphingomyelinase (Elojeimy et al. 2006) . Alisporivir, currently in phase III clinical trials, targets cyclophilin D interactions with the mitochondrial permeability transition pore complex, a crucial step in mitochondrial destruction (Vandenabeele et al. 2010; Quarato et al. 2012) . Because TNF initially promotes increased intracellular control, combination of higher TNF levels with inhibition of programmed necrosis resulted in a transformation of a more severe disease phenotype to greater resistance (Roca and Ramakrishnan 2013) .
Finally, modulation of PGE 2 itself in the context of interleukin-1 (IL-1)-deficient mice and type I interferon (IFN) induction provides a promising host-directed therapy. In a mouse infection model using mice deficient in IL-1 signaling or with excess type I IFN production, conditions that may be particularly relevant to patients with more severe disease (Mayer-Barber et al. 2011), zileuton and PGE 2 administration had host-beneficial effects (Mayer-Barber et al. 2014) . Inhibition of the enzyme 5-lipooxygenase (5-LO) via the asthma drug zileuton, is proposed to shunt eicosanoid production toward increased PGE 2 production, which in the context of high-inflammatory states driven by type I IFNs, can suppress detrimental type I IFN production, partially rescues mortality, and reduces bacterial burden (Mayer-Barber et al. 2014) . Thus, multiple clinically approved drugs that act on eicosanoid balance and displayed in
Figure 1 appear to have potential as host-directed therapies. Moreover, many of the host-directed therapies described above have genotypespecific effects that depend on eicosanoid balance in zebrafish, mice, and humans.
Nonsteroidal Anti-Inflammatory Drugs
Aspirin is a well-tested and effective administered drug with low risk in adults. In addition to its effect as a COX-1/COX-2 inhibitor that limits production of prostaglandins, it has been shown to modify COX-2 to produce the aspirin-triggered lipoxins (Claria and Serhan 1995) , potent proresolving lipids that have in vivo effects on neutrophil recruitment and inflammatory cytokines (Morris et al. 2009 ). In addition to modulating inflammation through classical COX-dependent inhibition of prostaglandins, it may actively promote the proresolving signals mediated by lipoxins, and it has been used as a therapy in the zebrafish model of hyperinflammatory states during mycobacterial infection (Tobin et al. 2012 ). In the case of TB driven by Schematic of opportunities for host-directed therapies modulating eicosanoid balance. Clinically approved drugs that modulate eicosanoid production and that have been tested in animal models of mycobacterial infection are shown in boxes. Some drugs, such as aspirin, may act at multiple points in the eicosanoid pathway, whereas others, such as zileuton, may result in shunting effects. Bottom panel depicts human genotypes associated in a Vietnamese cohort with increased or decreased production of LTA4H and differential responsiveness to dexamethasone adjunctive therapy as well as a mouse model of disease in IL-1 pathway-deficient mice or animals with elevated type I interferons.
hyperinflammatory genotypes or status, the production of these lipoxins may exert proresolving effects and limit disease pathology. (Misra et al. 2010; Schoeman et al. 2011) . Additionally, using the C3HeB/FeJ mouse model of TB (Pan et al. 2005) , in which caseation necrosis occurs, ibuprofen treatment given as a monotherapy starting 4 wk postinfection reduced burden and increased survival (Vilaplana et al. 2013 ). The precise basis of these effects, other than a hypothesized suppression of detrimental inflammation, remains to be seen. Future studies could address if reducing hyperinflammatory damage is sufficient or if research should focus on specific pathways engaged, including the eicosanoids and aspirin-triggered lipoxins.
Imatinib
As noted with therapies to modulate eicosanoids, the straightest line to host-directed therapy may be to identify drugs that are already FDA-approved. One promising example from this work comes from use of the ABL tyrosine kinase inhibitor imatinib mesylate, known commercially as Gleevec. Previously, it had been shown that imatinib was able to inhibit poxvirus pathogenesis via limitation of actin motility of the cell-associated enveloped virions (Reeves et al. 2005) . In mycobacterial infections with both Mtb and the closely related M. marinum, there appear to be both cell autonomous and cell nonautonomous beneficial effects of inhibition, with inhibition of ABL resulting in increased killing and promoting acidification of the mycobacterial phagosome (Napier et al. 2011; Bruns et al. 2012 ). Mice treated with imatinib had fewer granuloma lesions and less bacterial load in infected organs, for both Mtb and M. marinum infections (Napier et al. 2011) . When coadministered with first-line drugs, imatinib had a synergistic therapeutic effect (Napier et al. 2011 ). In addition, monocytes from imatinib-treated patients showed more acidic vacuoles by LysoSensor staining (Bruns et al. 2012 ). As Gleevec is soon to be off patent, this may be an effective and viable therapy for cases of both drug-resistant and drug-susceptible Mtb.
Alteration of Lipid Metabolism
Statins provide an interesting additional avenue for a host-directed therapy, as widely used drugs that have proven safe and effective . Parihar et al. (2014) have shown increased promotion of phagosome maturation and autophagy via reduction of cholesterol levels, both processes that are thought to be hostbeneficial in the context of mycobacterial infection. Because mycobacteria hijack host cholesterol as a carbon source on IFN-g activation (Pandey and Sassetti 2008; Griffin et al. 2012) , limitation of cholesterol levels may also influence bacterial persistence, although it is unclear to what extent altering these levels would have a meaningful effect on disease progression in humans. Epidemiological studies of TB susceptibility or progression among individuals taking statins have not yet been achieved, in part owing to largely nonoverlapping populations.
Pathogenic mycobacteria are thus able to reprogram lipid balance within host cells for their own benefit. Notably, in addition to animal models, this has been observed in human lung tissue in profiling of laser-capture microdissections of human caseating granulomas from resected lung ) and in decreased phagosomal lipolysis (Podinovskaia et al. 2013 ). Virulent but not avirulent Mtb (as well as Bacillus Calmette -Guérin [BCG]) reprograms lipid balance within infected macrophages in cell culture, leading to a foamy cell phenotype with extensive lipid droplets that is thought to benefit the infecting bacterium (D' Avila et al. 2006; Singh et al. 2012; Podinovskaia et al. 2013) . During infection, glycolysis is shifted toward ketone body synthesis, and the product D-3-hydroxybutyrate (DHB) then activates the G-protein-coupled receptor GPR109A; this then leads to a feedback mechanism that promotes cAMP signaling and limits lipolysis (Singh et al. 2012) . By targeting this pathway with mepenzolate bromide, a GPR109A inhibitor, bacterial burden was reduced in cell culture and in mouse in vivo models (Singh et al. 2012) .
Other pathways controlling lipid composition are also targets for intervention. PPAR-g is a canonical ligand-activated nuclear receptor that modulates fatty acid metabolism and storage as well as playing previously underappreciated roles in macrophage immune response (Kiss et al. 2013) . Notably, in the generation of foamy macrophages, which have high levels of PPAR-g expression, Mtb and manLAM activate PPAR-g through a mannose receptor-dependent pathway, and knockdown in human macrophages or inhibition leads to decreased mycobacterial growth (Almeida et al. 2009; Rajaram et al. 2010) . Knockdown of either PPAR-g or testicular receptor 4 (TR4) resulted in reduced bacterial burden in macrophages, with modulation of CD36, IL-10 production, and phagolysosome fusion as possible mechanisms (Mahajan et al. 2012) . There are at least three FDAapproved compounds pioglitazone, rosiglitazone, and treprostinil with activity directed at PPAR-g (Kiss et al. 2013; Rask-Andersen et al. 2014) . Finally, other nuclear receptors such as TR4, which may be activated by keto-mycolic acid, may also play important roles in mediating foamy macrophage formation (Mahajan et al. 2012; Dkhar et al. 2014) . Thus, these candidate compounds and others modulating these pathways also provide prospective adjunctive therapies.
Vitamin D
Vitamin D has long been proposed to have important host-beneficial effects in TB, including immunomodulatory effects. In human macrophages, TLR2-mediated or INF-g-mediated activation of cyp27b1 leads to conversion of 25-hydroxyvitamin D3 (25(OH)D3) to bioactive 1,25-dihydroxyvitamin D3 Krutzik et al. 2008; Fabri et al. 2011) . In contrast to rodent models, the primary antimycobacterial effector function on TLR stimulation of this conversion event lies in the generation of antimicrobial peptides . IFN-g antimicrobial activity can be mediated through activation of CYP27B1. More recently, 1,25-dihydroxyvitamin D (1,25D) was shown to enhance IL-1b transcription in macrophages and induce antimicrobial peptide production in cocultured lung epithelial cells (Verway et al. 2013) . Finally, vitamin D has been shown to induce autophagy in cell culture via production of LL-37 (Yuk et al. 2009 ) (see autophagy section below), thus linking to an additional host-protective process that might also contribute to bacterial control in vivo. In addition to its antimicrobial effects on the host macrophage, subgroup analysis of a clinical trial showed that vitamin D as an adjunctive therapy may reduce hyperinflammatory responses and thus may contribute in multiple ways to improved outcomes (Coussens et al. 2012) .
Because this is an inexpensive intervention, it is a particularly appealing host-directed therapy, and a number of clinical studies, including randomized controlled trials, have been performed. Genetic associations and serum concentration measurements have suggested associations of vitamin D production with susceptibility to TB (Wilkinson et al. 2000; Ustianowski et al. 2005; Wejse et al. 2007 ). Initially, clinical trials of vitamin D supplementation gave mixed results (Morcos et al. 1998; Nursyam et al. 2006; Wejse et al. 2009 ). However, in the most extensive clinical trial performed to date, there was no overall statistically significant effect on time to sputum clearance (Martineau et al. 2011) . On stratification of the patient population by vitamin D receptor genotype, it was suggested that one class of homozygotes derived benefit from the therapy (Martineau et al. 2011) . The functional consequence of this human variant is not known, but it would be interesting to follow up in further and perhaps larger trials, including the use of vitamin D supplementation for investigation of drug-resistant strains of Mtb.
IDENTIFICATION OF NEW HOST-DIRECTED THERAPIES
Cell-Culture-Based Screens Cell-culture-based screens showed in principle that limitation of host gene products can dramatically restrict mycobacterial growth, particularly in cell-autonomous assays. Genome-wide screens, first in Drosophila S2 cells using Mycobacterium fortuitum with a Drosophila RNA interference (RNAi) library (Philips et al. 2005) , revealed a number of gene products promoting phagocytosis and restricting bacterial growth. Using Mtb infection and a small interfering RNA (siRNA) screen in murine macrophages, first for kinases and phosphatases and then in a genome-wide screen in human macrophages, an important host-based set of genes with resistance phenotypes on inhibition identified wide targets, including autophagic networks (Jayaswal et al. 2010; Kumar et al. 2010) . Thus, in principle, host genes that allow mycobacteria to replicate intracellularly could be targeted, although few chemical inhibitors of these hits were well known.
Originally identified in an RNAi cell-culture-based screen for Salmonella typhimurium growth restriction, AKT1 inhibition and a host-directed chemical inhibitor of AKT1 were sufficient to limit Mtb intracellular growth (Kuijl et al. 2007 ). Both AKT1 and AKT2 also appeared in one of the host siRNA screens, confirming a role for AKT1 as host-permissive within macrophages and suggesting that its inhibition might be effective as a host-directed therapy .
More recently, these screens have evolved to relatively high-throughput chemical screens, often coupled to cellular phenotypes. Using a library of FDA-approved small molecules, combined with an siRNA screen and high-throughput imaging of BCG infection, two compounds were identified that reduced burden and modulated autophagy. Nortriptyline and prochlorperazine edisylate thus represent host-directed drugs that are already approved (Sundaramurthy et al. 2013) .
Similarly, Stanley et al. (2014) identified host-targeting small molecules that had no effect on in vitro-grown Mtb but restricted bacterial intracellular growth. Known drugs identified included fluoxetine, which induced autophagy in cell culture, and gefitinib, an inhibitor of epidermal growth factor receptor (EGFR), which was also shown to reduce bacterial replication in an in vivo mouse model of acute infection (Stanley et al. 2014) .
Here, one of the translational questions is the degree to which cell-culture assays serve as a proxy for the complexity of the human immune response. However, chemical screens in cell culture with FDA-approved compounds may prove to be a powerful shortcut to de novo drug development.
Autophagy
One striking result from many of the cell-culture screens is a significant number of hits involving autophagic pathways Sundaramurthy et al. 2013) . Autophagy is thought to play an important role in restriction of a number of intracellular pathogens and is the subject of active research that seeks to target this process for host-directed therapies (Rubinsztein et al. 2012; Shoji-Kawata et al. 2013 ). In Mtb infections, autophagy restricts mycobacterial replication and may be triggered by a number of cues, including IFN-g and extracellular DNA sensing via STING (stimulator of interferon genes) (Gutierrez et al. 2004; Watson et al. 2012 ). Induction of IRGM, which is required for control in a mouse model, may drive autophagy in some cases (MacMicking et al. 2003; Singh et al. 2006) . Mice deficient in central autophagy pathway components such as ATG5 have both higher bacterial burden and increased inflammation, which appears in a cell-autonomous manner (i.e., is not merely an effect of higher burden) (Castillo et al. 2012) . This suggests that autophagic processes are induced and can limit mycobacterial infections but that they are normally inhibited at least partially by pathogenic mycobacteria and that full induction of autophagy can have dramatic host-beneficial effects.
It remains elusive how these cell-autonomous processes will translate into animal models, when multiple cell types are exposed to a drug. Generally, animals defective in autophagic processes have defects in mycobacterial control, but few whole-animal rescue experiments have been performed.
Protein Kinase as a Potential Host Target
Double-stranded RNA (dsRNA)-dependent protein kinase (PKR) was shown to be an enzyme in which its absence in mice results in improved control of bacterial burden and thus meets a clear notion of a host-directed therapy, and chemical inhibitors are being developed (Bryk et al. 2011; Wu et al. 2012) . Again, by targeting these host proteins, overall burden is reduced. New compounds have not yet been examined for off-target effects in whole animals, although proof of principle using a mouse knockout in live animals is a promising beginning.
MODELS OF IMMUNOPATHOLOGY
Cell-culture models, although amenable to higher-throughput experimentation, can be limited to assessing largely cell-autonomous effects on burden. The reality of TB as an in vivo disease implies that models of host are similarly important. However, even well-established versatile models like the mouse can differ in their outcomes depending on strain differences. This has led to the adoption of less genetically and immunologically tractable models that may recapitulate better the full spectrum of physiology and pathology, including primates, guinea pigs, mini-pigs, and rabbits (Flynn 2006) . The combination of host-directed therapies with these models will give insights into what may ultimately prove most effective in humans and allows the observation of different cell types in a whole organism.
Neutrophils
Although the tuberculous granuloma is largely defined by the presence of epithelioid macrophages, neutrophils are clearly present at both early and later stages of infection where they play multiple roles (Canetti 1955; Eum et al. 2010) . Transcriptional profiling of whole blood revealed a neutrophil-associated signature in active cases (Martineau et al. 2007; Berry et al. 2010) . These roles include both host-protective functions-in the zebrafish mycobacterial infection model, they are important in mycobacterial killing within the granuloma through NADPH-oxidase-dependent mechanisms, notably after the initial formation of the granuloma ). However, neutrophil-mediated inflammation appears to play an important host-detrimental role in later infection (Desvignes and Ernst 2009; Nandi and Behar 2011) . Epithelial-produced CXCL5 mediates recruitment of CXCR2-positive neutrophils. Knockout mice of either the ligand or receptor are relatively protected in a high-dose mouse infection model (Nouailles et al. 2014) . Thus, the balance of sufficient neutrophil function and limitation of immunopathology may be critical. Similarly, in a mouse infection model, deletion of miR-223 leads to dysregulated inflammation and recruitment of neutrophils . These data suggest that host modulation of microRNAs (miRNAs) might form another basis for host-directed therapies. Mtb lipomannan has been shown in macrophages to regulate the balance of proinflammatory and anti-inflammatory miRNAs (mir-155 and mir-125b), respectively, to modulate TNF production (Rajaram et al. 2011) . Because of considerable clinical interest in modulation of miRNAs, this might form a future approach, but delivery technologies in humans or in the context of TB require further investigation (Iannaccone et al. 2014 ).
Matrix Metalloproteases
Matrix metalloproteases, key remodeling enzymes in the human lung, may also play a role in immunopathology of TB. Induced in human TB and in whole-animal models, MMP-1 is a canonical matrix metalloprotease that is found in the human TB granuloma (Elkington et al. 2011b) . Although not present in mice, human MMP-1 expressed transgenically in the mouse drives alveolar destruction in lung granulomas and greater collagen breakdown (Elkington et al. 2011a) . Potential routes for modulating the collagenase MMP-1 include a specific collagenase inhibitor, Ro32-3555, currently in trials for rheumatoid arthritis (Hemmings et al. 2001; Elkington et al. 2011b) .
Other MMPs may play important roles in tissue-specific choreographed responses in which tissue remodeling occurs and new structures are formed. The mycobacterial granuloma itself is thought to be exploited by infecting bacteria to promote growth initially (Ramakrishnan 2012) . Deletion of the matrix metalloprotease MMP-9 has been shown in mouse models to reduce burden and granuloma formation and in zebrafish to be induced in an ESX-1/ RD-1-dependent manner to drive granuloma formation via interaction with host epithelial cells Volkman et al. 2010) . Inhibition of the MMPs has given equivocal results in cancer trials, suggesting that there may be multiple roles at the level of the whole organism (Overall and Lopez-Otin 2002; Parks et al. 2004) , but the specific effects of single MMP knockouts or modulation suggest that these could be important targets for host-directed therapy.
OTHER APPROACHES Immunotherapy
More expensive, host-directed therapies delivering specific cytokines have been an option and some are undergoing clinical trials. Because the IL-12/IFN-g axis is so critical in Mendelian susceptibilities to mycobacterial disease as well as promoting restriction of mycobacterial growth in animal and cell culture models, the thought emerged that supplementation of IFN-g held promise as a host immunotherapy (Abel et al. 2014) . Indeed, clinical trials with IFN-g, particularly for MDR-TB, have .15 yr of experience (Condos et al. 1997; Koh et al. 2004; Dawson et al. 2009 ).
IL-2 immunotherapy has also been proposed but has met with mixed results (Johnson et al. 1997 (Johnson et al. , 2003 .
More recently, there has been interest in potential roles for gd T cells in enhancing immunity. In a nonhuman primate model, researchers have focused on the gd immune lineage only present in primates; stimulation with IL-2 and a closely related phosphoantigen to that of Mtb (the phosphoantigen Picostim carries a one-carbon difference from mycobacterial (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate [HMBPP] ) results in expansion of protective Vg2 Vd2 T cells (Chen et al. 2013) . Notably, these effects are seen in animals with preexisting disease. The immunotherapy studies in humans and other primates have all been relatively limited with small, but generally measurable and beneficial effects. Immunotherapy may thus represent a potential treatment for particularly hard-to-treat and severe forms of TB.
Dual Host-Targeting and Antimicrobial Functions
Finally, existing antibiotics may also have additional host-directed effects. Clofazimine has in vitro antimycobacterial effects and has been used in combination therapy for Mycobacterium leprae treatment (Arbiser and Moschella 1995) . It is in clinical trials for MDR-TB cases, but it may also act through a dual role in modulating the host immune response (Grosset et al. 2013) , as it has been suggested to function in part by inducing macrophage apoptosis in the host (Fukutomi et al. 2011) . Similarly, existing antimycobacterials such as isoniazid and pyrazinamide may act in part through the induction of host autophagy (Kim et al. 2012) . Thus, the strict delineation between host-directed and bacterially directed therapies may not be absolute. More generally, combination effects of drugs on multiple pathways may be important for the full effect of a given drug, particularly when the initial effect is determined empirically and identified in phenotypic screens. Although target identification is critical to understanding the mechanism and to developing new effective compounds, it may be a combination of targets that mediates a full phenotypic effect.
CONCLUDING REMARKS
Only recently embraced by the TB community and funding agencies, the development of hostdirected therapies is a promising new and relatively unexplored avenue for attacking a frustratingly intractable disease. However, it is important to note some concerns. In contrast to targeting bacteria directly, whole-animal, wholesale inhibition of host proteins may lead to other consequences. Host proteins may also be used in other contexts, including other organs and other cell types not directly related to mycobacterial infection. Thus, host targeting may have an increased risk for side effects on patients. However, the magic bullet model for TB therapeutics-a drug that targets the bacteria in all of its metabolic states and physiological compartments and is effective in the context of existing public health infrastructure-has clearly not yet been attained. Host-directed therapies open a new trove of possibilities. Repurposing of FDA-approved drugs, some of which show substantial promise in cell-culture models and in in vivo models, may quickly open orthogonal approaches. Choosing among these therapeutic possibilities and fine-tuning them based on a knowledge of mechanism and even host genotypes may result in important new adjunctive therapies that are precisely targeted and highly effective.
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